We describe the development and examine the performance of a slurry containing an organic acid salt, a silica abrasive obtained from the hydrolysis of ethyl silicate ͑TEOS͒, and a passivating agent for the chemical mechanical planarization ͑CMP͒ of Cu damascene structures. The study is performed on full ͑200 mm͒ wafers coated with blanket Cu films to examine removal rates and uniformity and on partial wafers to investigate the CMP of Cu damascene structures. The silica slurry shows moderately high removal rates, good uniformity values, low defectivity, and excellent ability to remove the Ta liner. It is demonstrated that despite the fairly low Cu to SiO 2 selectivity values, a severe erosion of the SiO 2 does not occur. Because of the effective removal of the liner material, long overpolishing times become unnecessary, thus, spacer erosion is avoided. Corrosion induced defects are prevented by the addition of a passivating agent. Chemical mechanical planarization ͑CMP͒ is a polishing process that laterally removes material to form a smooth surface on a variety of materials, metals, and dielectrics. This technique is widely used in integrated circuits ͑ICs͒ 1-9 and microelectromechanical systems 10-12 manufacturing. The demand to increase the performance of ICs has led to a continuous increase in device density and operating speed. This poses challenges for the interconnects ͑wires͒, which provide the electrical links for the devices. One approach to meet the challenge is to raise the number of interconnect layers. However, with the current metallization schemes, the signal propagation delay through the interconnects can no longer be ignored. Furthermore, problems arise with the topography of an increasing number of wiring levels stacked on top of each other. The use of the damascene process together with the utilization of low resistivity metals, such as Al and Cu, aid to meet the challenges. An important step of the damascene process is CMP, which provides the ability to planarize surfaces, so that a reliable stack of interconnect layers can be obtained.
Chemical mechanical planarization ͑CMP͒ is a polishing process that laterally removes material to form a smooth surface on a variety of materials, metals, and dielectrics. This technique is widely used in integrated circuits ͑ICs͒ [1] [2] [3] [4] [5] [6] [7] [8] [9] and microelectromechanical systems [10] [11] [12] manufacturing. The demand to increase the performance of ICs has led to a continuous increase in device density and operating speed. This poses challenges for the interconnects ͑wires͒, which provide the electrical links for the devices. One approach to meet the challenge is to raise the number of interconnect layers. However, with the current metallization schemes, the signal propagation delay through the interconnects can no longer be ignored. Furthermore, problems arise with the topography of an increasing number of wiring levels stacked on top of each other. The use of the damascene process together with the utilization of low resistivity metals, such as Al and Cu, aid to meet the challenges. An important step of the damascene process is CMP, which provides the ability to planarize surfaces, so that a reliable stack of interconnect layers can be obtained. 13 To achieve a slurry formulation that could successfully planarize Cu damascene structures in a single process step, several requirements had to be met: sufficiently high and uniform Cu removal rates, good metal to dielectric selectivity, fast Ta removal ability, low defectivity, and ease of use. Removal rates in the order of 0.5 to 1.0 m/min allow short polishing times for the CMP of damascene structures. The Cu overburden that needs to be removed is usually 1 to 2 m thick, so short processing times are possible. Nonuniformities of the removal rate should be around 10% or below.
14 A desirable metal to dielectric selectivity is on the order 100 to 1. Silica slurries are expected to have lower selectivity values than alumina slurries, because of the chemical bond that can form between the abrasive particle and the SiO 2 surface. This facilitates the faster erosion of the SiO 2 . 15 However, the demand for high selectivity values to avoid spacer erosion is not independent from the metal liner ͑e.g., Ta͒ removal ability. A slurry that is able to remove the Ta rapidly does not need very high Cu to SiO 2 selectivity values. If the slurry has a low Ta removal rate, longer overpolishing times are necessary to remove the liner overburden from the low pattern density areas. During this overpolishing, the dielectric in the high pattern density areas will erode heavily unless the dielectric removal rate is low. Consequently, lower selectivity values suffice when the liner material is removed quickly, so that long overpolishing times are unnecessary.
Another approach to successfully planarize Cu damascene structure is first using a CMP process that removes the Cu at a high rate and stops at the Ta or SiO 2 . Then a second, nonselective CMP process removes the metal residues, i.e., Cu and/or Ta, and planarizes the wafer. Being nonselective, this process will avoid dishing and erosion. However, this approach utilizes an additional process step adding process complexity. The work presented here focuses on the development of a single step Cu planarization process.
Defects include scratches, excessive etching of the Cu lines, and corrosion of the Cu line and/or Ta liner. Scratches can be introduced by large particles, so the control of the particle size distribution is an important issue. As was shown previously 16 high slurry etch rates cause a high metal line recess. Because Cu corrodes easily the use of passivating agents, such as surfactants, might become necessary. 17, 18 The slurry ease of use includes handling aspects, such as long shelf life and slow settling rate of the slurry particles. Alumina-based slurries have to be constantly agitated in order to prevent the rapid settling of particles.
Slurry Design
Abrasive particles.-The slurry particles provided by Silbond Corporation offer several advantages and some unique properties. These silica particles are grown in a supersaturated solution of ethyl silicate ͓Si(OC 2 H 5 ) 4 ͔. The hydrolysis of the ethyl silicate leads to the formation of SiO 2 and ethanol as shown in Reaction 1
The growth mechanism incorporates three phases: particle nucleation, possible coalescence, i.e., already formed particles can fuse together, and further particle growth. This is shown in Fig. 1 . The coalescing of particles causes deviations from the ideal spherical shape. As the particles fuse together and continue to grown nodular particles shapes are obtained. Figure 2 shows four scanning electron micrographs ͑SEMs͒ of nodular ͑a and b͒ and spherical ͑c and d͒ particles ͑dried͒ on a Si surface at two different magnifications. The right-hand pictures, taken at a higher magnification, reveal nicely the uniform shape and size of these particles. The uniformity of the particle sizes are confirmed in Fig. 3a and b , which show the size distributions as measured with a laser scattering particle size distri-bution analyzer ͑Horiba f LA-910͒. No particles with a diameter exceeding 400 nm are detected. The accuracy of this tool is 0.2%. It is possible to control the shape and size by adjusting the reaction time, temperature, and the ethyl silicate concentration during the hydrolysis reaction. Thus, these abrasive particles can be engineered to meet the desired requirements. The growth and characterization of these monodisperse silica spheres are discussed in more detail elsewhere. 19, 20 Because the particles are grown in solution, no issues arise with dispersing the abrasive in water. Fumed slurry particles, such as certain alumina and silica abrasives, are manufactured in the form of dry powders. The dispersion process of these powders has to break up possible agglomerates that could cause defects during CMP. Furthermore high purity silica slurries can be produced with virtually no metal or metal ion contaminants.
The possibility of controlling the particle shape offers further advantages for this type of abrasive. It is likely that spherical particles display a rolling contact mode between pad and wafer, whereas arbitrarily shaped particles tend to slide and thus introduce defects into the surface. However, it has been found that spherical particles, as shown in Fig. 2c and d, yield removal rates that are a factor of two to three lower than nodular ones for the CMP of thermal SiO 2 for the same experimental conditions. As the nodular shape is close to the ideal spherical, we expect low defectivity due to a predominantly sliding contact mode. For the experiments presented below we decided therefore to employ the nodular particles ͑Fig. 2a and b͒ to achieve high removal rates and low defectivity.
Slurry chemistry (Cu etchant).-
We chose a pH value of around 4 for the silica slurry. Low SiO 2 removal rates are generally observed in the acidic range ͑see, e.g., Ref. 15͒. Reasonably high for Cu removal rates are measured at pH 4 yielding a good metal to dielectric selectivity. It was observed that a further decrease of the pH value increases the metal removal rate but also the occurrence of corrosion. The use of a chemical buffer system insured a stable pH during polishing ͑the dissolution of Cu consumes hydronium ions (H 3 O ϩ ). 17 A standard buffer at pH 4 is the organic acid salt potassium hydrogen phthalate ͑KHP͒, 21 which is a derivative of a dicarboxylic acid ͑phthalic acid͒ ͑see Fig. 4͒ . This acid dissociates by detaching one or two protons from the carboxylic groups (ϪCOOH). The dissociation as a function of pH is provided in Ref. 22 . At pH 3.9, most ͑ϳ90%͒ of the molecules have one carboxylic anion group (ϪCOO Ϫ ). Besides being a good buffering agent, the phthalate anion is able to coordinate with a Cu 2ϩ cation to form a soluble complex. This increases the dissolution or etch rate of Cu. Without any complexing f Minami-ku, Kyoto 601, Japan, 601-8510. Figure 1 . Schematic of the hydrolysis process that forms the silica particles. After the nucleation, the particles can coalesce and then continue to grow. Depending on the coalescence process, the particles are more spherical or nodular. Size distribution ͑left axis͒ for the nodular ͑a͒ and spherical ͑b͒ slurry particles. The solid line denotes the integral of the number of particles as a function of particle size in percent ͑right axis͒. The accuracy of this measurement technique is 0.2%. Even though the size distributions of both particle shapes are comparable higher removal rates are obtained with the nodular particles, which were utilized in the experiment described below. substances, the dissolution rate of Cu at pH 4 is too low to achieve any appreciable removal rates during Cu CMP. This is discussed in more detail elsewhere.
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Experimental
The experimental procedures follow closely those described previously. 16 Deviations from this are reported here. Wafers 200 mm in diam are utilized, which are either covered with 550 nm thermal SiO 2 or with 1.5 m chemical vapor deposition ͑CVD͒ Cu. Consequently, the CMP tool, i.e., Cybeq 3900, is operated with the appropriate 200 mm wafer head in single wafer head mode only. An edge exclusion of 5 mm was used for the removal rate measurements utilizing a four-point probe. The partial samples, 2.3 ϫ 2.3 cm in size, are cleaved from the 200 mm wafers and polished using the templates as described previously. All partial wafers are polished at a pressure of 19 kPa and a velocity of 26 m/min. We compared the newly developed Silbond slurry to the Rodel slurry ͑QCTT1010͒ for the CMP of Cu damascene patterns. These slurries are hereafter referred to as slurry S 3 and slurry A 1 , respectively. An overview of the composition of these two slurries is given in Table I . After the initial experiments, a passivating agent ͓1-H-benzotriazole ͑BTA͔͒ was added to overcome corrosion problems that arose during the CMP of Cu patterns ͑see below͒.
Both slurries were mixed with 30 vol % H 2 O 2 in a volume of 3:1 ͑slurry/H 2 O 2 ) to yield a final oxidizer concentration of 7.5 vol %. The pH was adjusted to a value of 3.9 by adding small amounts of nitric acid (HNO 3 ) or ammonium hydroxide (NH 4 OH). Our experiments have shown that this does not change the etch or removal rate of the Cu or SiO 2 .
Results and Discussion
Full blanket wafer polishing.- Table II lists the removal rates and uniformity values of slurry S 3 obtained from the CMP of 200 mm diam Cu wafers for the four combinations of two different pressure and velocities. The removal rate increases with increasing pressure and velocity. A stronger increase of the rate with increasing velocity than with increasing pressure is observed. Low values (Ͻ10%) for the nonuniformity of the removal rate are measured for a pressure of 19 kPa. In comparison to the slurry A 1 , which removes the Cu at rates ranging from about 0.5 to 1.0 m/min, the slurry S 3 achieves rates from about 0.25 to 0.5 m/min. The only difference in the experimental procedures between the two slurries is that for slurry A 1 we utilized 150 mm diam wafers instead of 200 mm wafers for the slurry S 3 .
The influence of the flow rate on the removal rate at the pressures and velocities listed in Table II is displayed in Fig. 5 . The removal rate changes only slightly as the flow rate is increased from 300 to 600 mL/min. It is therefore reasonable to assume that above 300 mL/min the removal rate becomes independent of this parameter. This graph also shows that the silica slurry S 3 exhibits reproducible removal rates.
Partial wafer polishing.-Prevention of Cu line corrosion.-The
initial CMP of damascene structures was performed without the aid of a passivating agent for Cu. This caused severe pitting corrosion on metal lines of various sizes and seemed to be independent of pattern density, as shown in Fig. 6 . The micrographs display lines, which are 1.2 m wide with a 2.0 m pitch ͑Fig. 6a͒ and 4.1 m wide with a 27 m pitch ͑Fig. 6b͒. Some pits extend over almost the full width of the 1.2 m wide lines, but seem to originate from the edge of the line. On larger metal lines, such as the 4.1 m wide lines shown in Fig. 6b , the pits are only located at the edge of the trench where the thin diffusion barrier layer ͑Ta͒ is exposed to the surface. As Ta is less noble than Cu it is reasonable to assume that the corrosion is initiated, but not limited by the galvanic coupling of the two metals. The pitting also extends into the Cu as shown in the figures.
To eliminate the corrosion problem we added a surfactant, BTA, which is known to form a passivating film on metallic Cu. [24] [25] [26] [27] [28] The Cu lines ͑same type of array as in Fig. 6b͒ in Fig. 7 exhibit no corrosion pits. We determined the appropriate BTA concentration in the slurry by polishing blanket, partial wafers. At a concentration of 0.1 mmol/L the Cu removal rate is unaffected by the BTA and no corrosion is observed after the CMP of patterned samples. Higher concentrations of the surfactant significantly inhibit the removal rate ͑Fig. 8͒. SiO 2 selectivity.-With the slurry formulations as given in Table I , we planarized Cu damascene struc- tures and compared the performance of both slurries. This was done by polishing the patterned samples until all of the Cu and Ta liner overburden was removed as determined by optical microscope and/or SEM. Figure 9a shows an SEM micrograph of planarized structures utilizing slurry A 1 with residual Ta on the spacers ͑left͒. Figure 9b and c displays the identical structures after CMP for another 15 s and another 10 s, respectively. Comparing these figures one can observe how the Ta layer recedes on top of the large spacer ͑to the left͒ until it is completely removed ͑Fig. 9c͒. The silica slurry eliminates the Ta layer comparatively fast, so that long overpolishing times as described for slurry A 1 , are unnecessary. Shortly after the removal of the Cu overburden no liner material residue is found. This is also shown in Fig. 7 . Furthermore, a careful inspection of the sample surface with the SEM found that no scratches were introduced during CMP. After CMP. the samples were cleaved to examine the cross sections of the planarized structures. At various sites on the samples the SiO 2 erosion and Cu line recesses were examined. In short, the patterns discussed consisted of the same array of trenches as described previously, 16 with lines 3.1 m wide and 0.9 m deep. The pattern density of the 1 ϫ 1 mm large array was 65%. The averaged erosion measured 50 and 270 nm and the Cu line recess measured 90 and 50 mn for slurry S 3 and A 1 , respectively ͑see Table III͒. The substantial amount of erosion in the case of the slurry A 1 is readily explained with the longer overpolishing times. The silica slurry removes the Ta layer quickly, so that a minimal amount of erosion is measured. Even though the Cu line recess is higher for the silica slurry, it remains in the order of 10% of the remaining Cu line thickness for both slurries. Complementary studies have shown that it is possible to reduce the Cu line etching ͑recess͒ by increasing the pH or the BTA concentration. However, this will cause a measurable decrease in the Cu removal rate.
Ta liner removal and Cu to
To gain further insight into the ability of both slurries to remove the liner material we polished partial blanket wafers covered with 360 nm of Ta. Neither slurry removes the liner evenly. In both cases, the Ta loses adhesion in certain areas of the sample, so that the layer delaminates. This continues after the layer is entirely removed and the SiO 2 underneath is exposed. Thus no real removal Fig. 10 . The alumina slurry yields higher Cu and lower SiO 2 removal rates than the silica slurry. This induces a significant difference in the selectivity value, namely, over 100:1 for the alumina slurry and one order in magnitude lower for the silica slurry. The experimental results described in this section are summarized in Table III .
It is possible to enhance the selectivity by the addition of surfactants such as higher alcohols ͑e.g., butanol͒ that bind to the surface silanol groups ͑SiOH͒. Reaction 1 is then inhibited through steric shielding. The polar group of the alcohol (ϪOH) can bind to the silanol group of the SiO 2 to prevent the bonding of other silanol groups ͑e.g., located at the surface of a particle͒ to the same site.
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Conclusions
We have shown that the newly developed silica slurry exhibits reasonably high and reproducible removal rates and low nonuniformity values. As expected for silica slurries, the Cu to SiO 2 selectivity is significantly ͑one order in magnitude͒ lower than for a comparable alumina slurry. However, the fast removal of the Ta diffusion barrier layer allows short overpolishing times with a minimal erosion of the SiO 2 . In this way, successful planarization of Cu damascene structures is achieved. The corrosion of the Cu lines and Ta liner is prevented by adding small amounts of the surfactant BTA. At low concentrations, the corrosion inhibitor does not affect the removal rate. We have therefore demonstrated that the newly developed colloidal silica slurry containing a carboxylic acid is a good candidate for the CMP of Cu damascene structures. However, more work is necessary to investigate the performance of the slurry on full patterned wafers. 
